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DEVELOPMENT OF GALLIUM-INDIUM ALLOYS AS NONMAGNETIC TEST 
MASSES FOR SPIN-DEPENDENT SHORT-RANGE FORCE EXPERIMENTS 
 
Various studies have been done on exotic spin-dependent short-range forces in the 
mm to μm range. We are using an ensemble of optically polarized 3He gas and an 
unpolarized test mass to search for such forces. The presence or absence of a Nuclear 
Magnetic Resonance (NMR) frequency shift when an unpolarized mass is moved away 
and towards the 3He is our experimental signal [1]. It is very important to have no 
influence from the magnetism of the mass itself on the NMR frequency measurement. 
This research explicitly deals with preparation and characterization of unpolarized non-
magnetic test masses using Gallium/Indium alloys that have very low magnetic 
susceptibility. We believe the current limit on the NMR frequency shift (ceramic 2.6 ± 
1.7 × 10-5 Hz, salt water (−0.8 ± 2.6 × 10-5 Hz) due to such spin-dependent forces from a 
previous experiment using Macor ceramic and 1.02% MnCl2 solution can be improved 
with the use of these lower magnetic susceptibility test masses. 
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 CHAPTER 1 ─ INTRODUCTION AND THEORY 
1.1 ─ General Introduction 
• Symmetries Conservation and Violation  
Scientists have studied symmetries to understand nature and the world around us, 
since early research in physics and more recently, symmetries have become the backbone 
of the theoretical formulation of physics. The validity of a symmetry principle relies on 
the non-observation of some type of process. A violation of symmetry becomes apparent 
when an observable constrained to be zero by the symmetry emerges to be observable. At 
this point the symmetry violation is discovered. We should consider that some 
unobserved quantities might be due to the limitations of our current ability to measure 
some symmetry violating signals. As the experimental techniques are improved, the 
domain of the observation increases and it is always possible that the violation of a new 
symmetry might be uncovered. There are three symmetry principles in nuclear science 
and subatomic physics: 
• Space inversion P: The asymmetry of physics laws under space 
inversion 𝑟𝑟 → −𝑟𝑟, also called right-left mirror transformation and denoted P for 
Parity. 
•  Time-reversal symmetry T: The laws of physics are identical when time is 
running backwards, i.e., 𝑡𝑡 →  −𝑡𝑡. 
• Particle-antiparticle Conjugation C. 
The CPT theorem is based on Lorentz invariance in which T violation is 
equivalent to CP violation and can be called either T violation or CP violation. P 
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 violation was suggested by Lee and Yang in 1956 and T violation is as suggested in 1957 
[2]. Recent studies on existence of short-range forces between polarized 3He nuclei and 
an unpolarized mass have searched for a possible new source for parity and time reversal 
symmetry violation [1]. 
1.2 ─ Spin-Dependent Short-Range Force Experiment (SDSRF) 
 The possibility of the existence of macroscopic forces with weak couplings and 
with force ranges from cm to μm has been proposed by several authors [3]. Moody and 
Wilczek [4] proposed a form of interaction due to the exchange of spin-0 bosons that 
couple to fermions through scalar and pseudoscalar vertices. The spin-dependent scalar 
coupling depends only on fermion density while the pseudoscalar coupling is completely 
spin-dependent [1]. The form of the resulting spin-dependent short range force (SDSRF) 
has a Yukawa-type interaction potential: 

2
1 1( ) ( )( ) exp( )
8
s p
p
g g rV r r
m r r
s λp λ
−= +
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2
                                         (1) 
where ?̂?𝑟 is the unit vector from the unpolarized particle to the polarized particle, 𝜎𝜎� is the 
spin of the polarized particle, 𝑐𝑐𝑝𝑝 is the polarized particle mass, 𝑐𝑐 is the product of 
couplings of the scalar vertex in the unpolarized matter and the pseudoscalar vertex of the 
polarized particle, and λ is the  range of the force. The SDSRF can change the precession 
frequency of a polarized nucleon. The potential of the form 𝜎𝜎�. ?̂?𝑟  is similar to the potential 
of a magnetic dipole moment in an external magnetic field given by ?⃗?𝜇.𝐵𝐵�⃗  [5]. Such short-
range forces can be induced by exchanging pseudoscalar bosons like axions or axion-like 
particles (ALP) between unpolarized nucleons and polarized nucleons. Based on current 
experimental observations, the axion mass is constrained to lie between 1 μeV and 1 
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 meV, corresponding to a force range between 2 cm and 20 μm, the so called “axion 
window” [1]. It is therefore interesting to investigate this region with new experiments. 
 Several previous experiments have been devoted to searches for these interactions 
such as the torsion pendulum [6] and neutron bound states on a mirror in the earth’s 
gravitational field [7]. In the most recent work, performed in our lab, this force between 
nucleons was sought by considering the frequency shift of optically polarized 3He gas in 
the presence or absence of an unpolarized mass [3]. For this purpose, a 7 amg high 
pressure 3He cell that has an optical pumping chamber and a target chamber connected to 
a glass tube was designed to contain the polarized nuclei (Figure 1). The polarized 3He 
gas is maintained within a cylindrical cell constructed with two thin opposing glass 
windows; it is positioned at the center of a Helmholtz coil pair to retain the polarization. 
The thickness of the glass window is about 250 µm, thin enough that we can search for 
forces with ranges in the sub-millimeter scale using test masses introduced from the 
outside.  
 The unpolarized mass was placed at the end of the cylindrical cell containing the 
polarized 3He gas. The mass was repeatedly brought into contact with (mass-in) and 
moved away from the cell (mass-out). No mass was placed at the other end of the 
cylindrical cell. Two identical pick up coils were placed just below each window. By 
comparing the precession frequency of the two ends of the cylinder and the difference 
between mass-in and mass-out, the effect of the short range force can be isolated. 
 As illustrated in Figure 1, pickup coil A measured the frequency of the polarized 
3He nuclei affected by the mass while pickup coil B was effectively used as a 
magnetometer to monitor the magnetic holding field. The first measurement using this 
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 method without any magnetic shielding resulted in a sensitivity of 5 × 10−3 Hz for the 
frequency shift over the force ranges from 10−4 m to 10−2 m, which corresponds to a 
mass range of 2 × 10−3 eV to 2 × 10−5 eV for the pseudoscalar bosons.  
 
 
 In the second phase (phase II) of the experiment, shown in Figure 2, the two pick 
up coils were positioned closer to each other to enhance their correlation. With this new 
set up an upper bound with a factor 10-30 improvement was achieved on the sensitivity 
to the product of 𝑔𝑔𝑠𝑠𝑔𝑔𝑝𝑝𝑛𝑛  of the scalar couplings to the fermions in the unpolarized mass.  
Figure 1- Schematic of SDRF experiment in phase I 
4 
 
  
 
1.3 ─ Unpolarized Test Samples 
 In the latest studies different unpolarized test masses have been used: a Macor 
ceramic mass block with dimensions of 34 × 52 × 38 mm3  [3] and a liquid mixture of 
1.02% MnCl2 in pure water. For the samples, the NMR frequency shift is taken in two 
states; when the unpolarized mass was moved near the polarized 3He and when the 
unpolarized mass was moved away from the polarized 3He. Using the frequency shift 
difference, the constraint on the coupling strength and the force range can be seen in 
Figure 3. The darkened area has been ruled out by previous measurements. In this Figure, 
the constraints of 𝑔𝑔𝑠𝑠𝑔𝑔𝑝𝑝𝑛𝑛 with different values of λ are established and log �𝑔𝑔𝑠𝑠𝑔𝑔𝑝𝑝𝑛𝑛� is plotted 
versus range of the force (λ). The dotted curve is from reference [5] and the dash-dotted 
curve is from reference [8]. The solid black curve is the average constraint of the salt 
sample from reference [1]. The red curve is from reference [9] and the dashed curve that 
intersects the x-axis (λ) is from reference [10]. The dashed solid curve is the constraint of 
the ceramic sample from reference [1]. 
Figure 2- Schematic of SDRF experiment in phase II 
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 The Macor ceramic mass block and liquid mixture of 1.02% MnCl2 were chosen 
for their low magnetic susceptibility and magnetic impurities, different nucleon densities, 
and minimal influence on the magnetic resonance (NMR) measurements procedure. 
Despite the use of low magnetic susceptibility materials, the largest systematic 
error in the experiment will eventually come from the magnetism of the test masses: even 
normally “non-magnetic” test masses possess a magnetic susceptibility. Macor’s 
magnetic susceptibility is known to be small enough that it does not cause a systematic 
error in the previous experiments. However, real material can in principle contain 
paramagnetic or even ferromagnetic impurities. 
 
Figure 3- Constraints on the coupling strength gsgnp as a function of the force range λ. 
 
Therefore, one of the obvious paths for improvement of these measurements 
includes the use of unpolarized mass samples with lower magnetic susceptibilities. Liquid 
gallium has one of the smallest magnetic susceptibilities per unit mass of any pure 
elemental substance [11]. However, not all experimental apparati can be operated at the 
temperature (slightly above room temperature) where the gallium is liquid. Thus, we 
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 decided to study the magnetic properties of liquid Gallium-Indium alloys. With the 
addition of indium, the alloy becomes liquid at room temperature which is very 
convenient for experiments. To study the physical characteristics of Gallium-Indium 
alloys, a Johnson Matthey Magnetic Susceptibility Balance was used (MSB) [12]. The 
MSB is a mechanical torsion balance that determines the magnetic susceptibility of the 
solids and liquids. In 1974, Prof. D.F. Evans of Imperial College, London, developed a 
new type of MSB for semi-microscale samples [12]. Johnson Matthey’s MSB functions 
are based on Professor Evans’s design. MSB is used to measure a wide range of 
paramagnetic and diamagnetic materials. There are two models of MSB offered by the 
Johnson Matthey Company: Mark I which is mostly used in teaching applications and the 
MSB-Auto that we have used for this research. 
1.4 ─ Medical Motivation 
NMR is the foundation for Nuclear Magnetic Resonance and the study of the 
magnetic properties of the nucleus of the atom. The same principles that are used herein 
to measure the magnetic properties of liquid Gallium-Indium alloys are used in imaging 
devices to visualize anatomy. Since the 1940s, NMR signal detection and analysis has 
been studied in chemistry and biochemistry as an analytical tool to provide spectroscopic 
data. In 1970s, it was realized that the NMR signal could be localized using magnetic 
field gradients to generate images. These images display magnetic properties of protons 
that can reveal useful clinical information. The increase of clinical imaging applications 
in 1980s resulted in elimination of the “nuclear” term and magnetic resonance imaging 
(MRI) was used in the medical community [13]. 
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 In NMR a static and homogenous magnetic field is imposed on the sample to 
align the axis of precession in an arbitrary direction. A second field which is 
perpendicular to the precession axis is then applied with an oscillating magnitude at the 
Larmor frequency. The fields are chosen to be perpendicular to maximize the NMR 
signal. The resonant nature of the second field exerts a torque that tips the angular 
momentum of the atom into a plane perpendicular to its original axis. Due to the higher 
energy of the new direction than that of the previous state, the nuclear moment of the 
atom decays to its original state [14]. The decaying atom releases the extra energy and 
emits photons. The emitted radiofrequency (RF) can be detected by a pickup coil that 
encodes specific spatial information. A Fourier transform is then used to deconvolve the 
information and construct the image in MRI. 
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 CHAPTER 2 ─ OBJECTIVE OF THE STUDY 
The objective of this project is to develop unpolarized test masses whose 
magnetic susceptibility is as close as possible to zero in order to minimize the influence 
on the Nuclear Magnetic Resonance (NMR) measurement procedure used in the spin-
dependent fifth force searches. The following tasks are prerequisites to the objective that 
will be addressed in this thesis: 
• Development of liquid Gallium-Indium alloys, with 5, 10, 12, 13.4, 16.5 
atomic percent Indium as non-magnetic test masses. 
• Enhance the NMR measurement sensitivity of the Magnetic Susceptibility 
balance.  
• Use the non-magnetic test masses for further searches on spin-dependent 
short-range forces. 
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 CHAPTER 3 ─ METHODOLOGY 
3.1 ─ Magnetic Susceptibility, χ 
The magnetization M induced at any point in a body is proportional to the 
strength of the applied magnetic field H [15]. 
                                                           M = 𝜒𝜒𝑣𝑣 H                                                                (2) 
where 𝜒𝜒𝑣𝑣 is called the volume magnetic susceptibility [14]. Magnetic susceptibility 
depends on the nature of the material, the electronic structure of the atoms, and on the 
concentration and energy of conduction electrons [14, 16]. The volume magnetic 
susceptibility can be negative or positive. If the induced magnetic moment is parallel to 
the magnetic field, the substance is paramagnetic with positive susceptibility. The 
substance is said to be diamagnetic if the 𝜒𝜒𝑣𝑣  is negative and the magnetic moment is anti-
parallel to the applied magnetic field [14].  
Volume magnetic susceptibility can be expressed in two different systems of 
units: either as SI or cgs-emu units.  
3.2 ─ Why Gallium and Indium? 
In this research study, we explicitly deal with the preparation and characterization 
unpolarized non-magnetic test masses using Gallium (Ga) and Indium (In) alloys with 
various weight percent Indium. The Ga-In, 16.5% In was chosen specifically to be 
studied due to the availability of previous information and results in the scientific 
literature [11]. The batches with other Indium percentage values were chosen for two 
reasons: 1- Lower percentages of In, i.e. greater amount of Ga, result in lower magnetic 
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 susceptibility alloys, 2- The values of 5, 10, 12, 13.4 In percent belong to a region that 
has not been studied. Gallium is specifically chosen due to its low magnetic 
susceptibility. With addition of indium the mixture becomes liquid at room temperature 
and forms a homogeneous alloy.  
Gallium belongs to group III of the periodic table. It has a low melting point of 
29.78 °C with low vapor pressure [17]. Gallium has low diamagnetism, 0.248E-06 
cGSM/g mass magnetic susceptibility in the solid phase, and very low paramagnetism, 
0.002 × 10−6 cGSM/g  mass magnetic susceptibility in the liquid phase [16]. 
Indium is a nontoxic element that belongs to group III of the periodic table with 
chemical characteristics similar to Gallium. It is a rare, soft and silvery-white metal with 
low melting point of 156.61 °C [17]. Solid Indium is diamagnetic with magnetic 
susceptibility of −0.112 × 10−6 cGSM/g [16]. 
3.3 ─ Magnetic Susceptibility balance (MSB) 
We performed accurate measurements of 𝜒𝜒𝑣𝑣 using the MSB-Auto (Johnson 
Matthey) which is a portable device with high levels of sensitivity within the range of 
0.001×10-7 to 1.99×10-4 cgs volume susceptibility units. The MSB device uses a 
stationary sample and two pairs of moving magnets on a torsion balance. The stationary 
sample, housed inside a NMR tube, is positioned between the two poles of one pair of the 
magnets. The torque induced by the magnetic susceptibility of the sample in the field 
gradient acts upon a suspended magnet. It is detected and is converted to a voltage signal 
using the feedback from a current in a coil immersed on the other side of the balance 
[12]. 
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3.4 ─ Additional Components to achieve a high level of sensitivity 
To achieve a higher level of sensitivity with the MSB-Auto (Johnson Matthey), it 
must be properly isolated from the environment. The device rests on a marble table for 
the greatest possible stability. Two concentric mu-metal cylinders were constructed as 
magnetic shielding. The space between the two shields is filled with polyethylene beads 
Figure 4- Johnson Matthey MSB device 
Figure 5- Additional components for higher 
sensitivity level achievements 
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 for thermal insulation. Two temperature sensors with 1 mK resolution are used to record 
the temperature fluctuations both outside and inside the shielding. A two axis tilt sensor 
(Aosi Tilt EZ) shown in Figure 7 with 0.001 milliradian (mrad) sensitivity is used to 
verify that the torsion balance does not tilt during the measurement. The tilt sensor has a 
Roll (R) axis that monitors any rotation or tilt in y-axis, and the Pitch (P) axis that 
monitors any rotation or tilt in x-axis. A single axis fluxgate magnetometer (Bartington) 
with 1 mG sensitivity is used to measure the background magnetic field inside the 
shielding. The final sensitivity achieved for magnetic susceptibility measurements is 
0.001×10-6 cgs. 
 
 
 
 
 
Figure 6- MSB device positioned in the mu-metal shielding 
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Figure 7- Two axis tilt sensor, Pitch and Roll 
 
3.5 ─ Gallium-Indium Alloy Synthesis 
The Gallium-Indium alloy was synthetized by heating a solution of 99.99% pure 
Ga (American Elements) and 99.99% pure In (American Elements). In the first step, the 
In atomic percent and Ga atomic percent values were converted to In weight % and Ga 
weight % values as summarized in Table 2. The desired amount of Ga and In was then 
calculated for each batch of samples considering the two constraints in Equations (3) and 
(4). 
Table 2- Conversion of atomic % to wt. % for Ga and In 
In atomic % Ga atomic % In wt. % Ga wt. % 
5 95 7.9761 92.0240 
10 90 15.4676 84.5324 
12 88 18.3383 81.6617 
13.4 86.611 21.4175 78.5825 
16.5 83.5 24.5520 75.4480 
 
                                       3 3
.% .% 2 ( )
7.31 ( / ) 5.904 ( / )
In wt Ga wt ml
g cm g cm
a β+ =                                 (3) 
where 𝛼𝛼 is the amount of Indium in grams and 𝛽𝛽 is the amount of Gallium in grams  
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× =
+
                                                    (4) 
 In the next step, the apparatus and equipment were cleaned with soap and distilled 
water and wiped down with disposable alcohol pads (VMR International, L.L.C) to 
remove all residues. The PTFE Teflon coated Pyrex Syringe inner tube (Western 
analytical Products Inc. [USA]), Teflon tubing (Western analytical Products Inc. [USA]), 
and glassware was washed with 10% hydrochloric acid (Fisher Scientific) and rinsed 4 to 
5 times with distilled water. Finally, the inside and outside of all the equipment was 
washed and wiped with Acetone (EMD Chemicals) and air dried. 
 The sealed Gallium container was placed in a small ceramic container and 
partially submerged in hot water. Care was taken to assure that water did not seep inside 
the bottle. The melted Gallium was poured into the weighing pan (Lab Depot Inc.), 
weighed using a Balance weight with 0.0001 precision (Sartorius-Model CP224S) and 
poured into a 50 ml Borosilicate glass beaker (VMR International) to mix with the 
Indium at different atomic percentages. The pan was weighted again to measure the lost 
gallium. Each Indium-Gallium mixture was heated for about 17 minutes at 164oC on a 
digital laboratory hot plate with magnetic stirrer (VMR International) while stirring with 
a Teflon-coated magnetic disc stir bar (Big Science Inc.) at 800 rpm. The mixture was 
continuously stirred with a Teflon rod (Big Science Inc.) as well. To avoid Indium 
oxidation the temperature was kept lower than 200°C and the heating time was less than 
30 minutes [18]. 
The mixture was left inside the oven (turned off) to cool uncovered to avoid water 
condensation on top of the molten alloy. A syringe with non-magnetic or non-metallic 
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 components was used to dispense the room temperature alloy into NMR tubes (Johnson 
Matthey) and cleaned glass bottles for storage. 
 
 
 
 
 
 
3.6 ─ Water as the Reference for Magnetic Susceptibility Measurements 
 Water has a low diamagnetic susceptibility of −0.712 × 10-6 [19], and was chosen 
as a reference for the susceptibility measurement. The magnetic susceptibility balance 
was calibrated with distilled water (EMD Chemicals) to check the stability and sensitivity 
of the balance and other sensors. The NMR tube filled with distilled water was then used 
for reference measurement for 60 seconds to check the MSB device accuracy. The 
already-cleaned NMR tubes were then filled with the Ga-In alloys with different 
percentages of Indium and were measured four times using the MSB. 
 
 
 
Figure 8- A syringe used to dispense the alloy into NMR tubes 
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 CHAPTER 4 ─ RESULTS AND DISCUSSION 
4.1 ─ Alloy Measurements for Synthesis 
The Ga-In alloys were synthetized with a slightly different mixture than planned as 
some Ga was lost during transfer to the beaker due to its stickiness. The tables 3-7 below 
summarizes the calculated and measured values of In and Ga used for the synthesis of 
Ga-In alloy with 5, 10, 12, 13.4, 16.5 In wt. % respectively. As we see in Tables 3-7, the 
amount of Ga and In used in practice was slightly different than calculated. 
Table 3- Calculated and Measured data for Ga- In. 5% In 
Material for Ga-In, 5% In Weight (g) 
Calculated Indium 1.10544 
Calculated Gallium 12.75406 
Measured Weighing Pan 0.8137 ± 0.0002 
Measured Pan plus In 1.9183 ± 0.0002 
Measured Actual Indium 1.1046 ± 0.0031 
Expected Beaker plus Ga 43.04716 
Measured Beaker plus Ga 43.0886 ± 0.0002 
Measured Actual Gallium 12.7955 ± 0.0044 
 
 
Table 4- Calculated and measured data for Ga- In, 10% In 
Material for Ga-In, 10% In Weight (g) 
Calculated Indium 2.48865 
Calculated Gallium 13.6008 
Measured Weighing Pan 0.8357 ± 0.0002 
Measured Pan plus In 3.3229 ± 0.0002 
Measured Actual Indium 2.4872 ± 0.0006 
Expected Beaker plus Ga 43.8956 
Measured Beaker plus Ga 43.8979 ± 0.0002 
Measured Actual Gallium 13.6031 ± 0.0002 
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 Table 5- Calculated and measured data for Ga- In, 12% In 
Material for Ga-In, 12% In Weight (g) 
Calculated Indium 3.12004 
Calculated Gallium 13.8938 
Measured Weighing Pan 0.8204 ± 0.0001 
Measured Pan plus In 3.9414 ± 0.0002 
Measured Actual Indium 3.1210 ± 0.0002 
Expected Beaker plus Ga 44.5411 
Measured Beaker plus Ga 44.5432 ± 0.0002 
Measured Actual Gallium 13.8959 ± 0.0002 
 
    
 
Table 6- Calculated and measured data for Ga- In, 13.4% In 
Material for Ga-In, 13.4% In Weight (g) 
Calculated Indium 3.86357 
Calculated Gallium 14.1758 
Measured Weighing Pan 0.8304 ± 0.0002 
Measured Pan plus In 4.6939 ± 0.0002 
Measured Actual Indium 3.8651 ± 0.0457 
Expected Beaker plus Ga 44.4714 
Measured Beaker plus Ga 45.3358 ± 0.0002 
Measured Actual Gallium 15.0402 ± 0.0734 
 
 
Table 7 -Calculated and measured data for Ga- In, 16.5% In 
Material for Ga-In, 16.5% In Weight (g) 
Calculated Indium 4.69166 
Calculated Gallium 14.4174 
Measured Weighing Pan 0.8275 ± 0.0002 
Measured Pan plus In 5.5184 ± 0.0002 
Measured Actual Indium 4.6909 ± 0.0002 
Expected Beaker plus Ga 44.7163 
Measured Beaker plus Ga 44.71334 ± 0.0002 
Measured Actual Gallium 14.4145 ± 0.0003 
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 4.2 ─ Water Susceptibility Measurements 
  Distilled water was used to perform reference measurements. The MSB reads the 
magnetic susceptibility of the tube plus air plus water. Subtracting the reading of the 
empty tube from the sample tube does not properly correct for the susceptibility of the air 
displaced by the sample. Therefore the empty dry tube was used to measure the magnetic 
susceptibility of the tube plus air. The average magnetic susceptibility of the tube without 
water was −0.440 × 10−6 cgs volume.  
Air is paramagnetic because it consists of 20.9% oxygen. Therefore, the magnetic 
susceptibility of air is temperature dependent and the correct susceptibility corresponding 
to the average temperature of the experiment during the measurement must be used. The 
magnetic susceptibility for air was calculated for each batch at each run at the average 
temperature of the specific run and sample, summarized in Table 8 based on reference 
[20], and shown in Equation (5).  
     2 6293.15( ) (293.15) ( ) , (293.15) 0.029 10 ( )
273.15 [ ]air
KT cgs volume
K T k
−= = ×
+
χ χ χ (5) 
The air-corrected magnetic susceptibility values were then used to consider for 
temperature and tilt correction respectively.  The average corrected water measurements 
are summarized and plotted in Figures 9-11. Based on Figure 9, the temperature inside 
the shielding fluctuates within ± 0.005°K which is within the desired limit although the 
outside temperature fluctuates within ± 0.206°K over the first minute. The average 
magnetic susceptibility of the distilled water is (−0.669 ± 0.004) × 10−6 cgs volume 
which is within 7% of the literature value −0.712 × 10-6 [19]. The 7% corresponds to 
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 error margin which is due to limits in the sensitivity of the balance itself. It should be also 
considered that the measurements are within the order of 0.001 ×  10−6 (cgs). Figure 10-
11 show there was no visible tilt of the MSB within the limits of precision during the 
reference measurement. 
  
 
Figure 9- Fluctuations of χ and T over 60 seconds for water measurements 
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Figure 10- Tilt measurement of Roll axis for water over 60 seconds  
 
 
 
Figure 11- Tilt measurement of Pitch axis for water over 60 seconds 
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 4.3 ─ Ga-In Alloys Measurements 
 The measured Ga-In alloy sample NMR tubes contained 5, 10, 12, 13.4, and 16.5 
In atomic percent by calculation. The readings of the empty tubes were subtracted from 
the alloy samples and were corrected for the susceptibility of the air displaced by the 
sample. The average magnetic susceptibility of the tube without the water was −0.4233×10−6 cgs volume. As correction for susceptibility of the air is temperature dependent, the 
correction for the average temperatures of each sample is summarized in Table 8 for all 
the measurements. 
  
Table 8- Average temperatures (°K) used for air correction 
Alloys Measurement_1 Measurement_2 Measurement_3 Measurement_4 
Ga-In, 5 % 
In 
295.823 ± 0.005 295.867 ± 0.007 296.962 ± 0.004 297.226 ± 0.004 
Ga-In, 10 % 
In 
295.861 ± 0.006 295.894 ± 0.005 296.954 ± 0.005 297.238 ± 0.006 
Ga-In, 12% 
In 
295.895 ± 0.006 295.853 ± 0.004 296.946 ± 0.005 297.251 ± 0.005 
Ga-
In,13.4%In 
295.926 ± 0.004 295.836 ± 0.006 296.937 ± 0.004 297.265 ± 0.006 
Ga-In, 16.5 
% In 
- 296.191 ± 0.005 296.926 ± 0.005 297.277 ± 0.004 
 
 The air-corrected magnetic susceptibility values were then considered for 
temperature correction and tilt correction respectively. The corrected magnetic 
susceptibility values were then averaged for each sample’s run and the total average of 
the averaged corrected magnetic susceptibility values are reported in Table 9. Correcting 
for temperature an average temperature of 296.926 which is the average temperature of 
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 all runs for the sample with 16.5 In percent was chosen for reference temperature 
correction in Equation (6).  
   1 1 1( ) ( ) ( )( ) ( )( )Ga Inm m m m mT T T T T TT T
δ δ
a β
δ δ
= + − + −
χ χ
χ χ         (6)     
where T1 is the reference temperature, Tm is the average temperature of each run for each 
sample, α is volume percent Ga in each batch, 80.24354 10Ga
T
δ
δ
−= ×
χ ( )cgs
K
is Gallium 
temperature dependency constant [11], β  is volume percent In in each batch, and 
80.125 10In
T
δ
δ
−= ×
χ ( )cgs
K
is Indium temperature dependency constant [21]. Equation 7 
illustrates the linear relationship between Δχ and Temperature variation. 
     T∆ = Α ∆χ             (7) 
where ∆χ = 1( ) ( )m m mT T−χ χ , A=[ ( ) ( )]Ga InT T
δ δ
a β
δ δ
+
χ χ which is a constant, and 
1( )mT T T∆ = − . 
 
 Magnetic susceptibility correction for tilt R and tilt P, the reference values θ1 
=0.247 (mrad) for tilt in Roll axis and φ1 = 0.222 (mrad) for tilt in Pitch axis were used 
respectively Equation (8). 
   1 1 1 1( , ) ( , ) ( ) ( )m m m m m m
δ δθ ϕ θ ϕ θ θ ϕ ϕ
δθ δϕ
= + − + −
χ χ
χ χ                (8) 
where 1 1,θ ϕ  are reference values for tilt R and P respectively, 
65 10 ( )cgs
mrad
δ
δθ
−= ×
χ tilt R 
dependency of magnetic susceptibility which is equal to δ
δϕ
χ , tilt P dependency of 
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 magnetic susceptibility. Although tilt variation would affect the magnetic susceptibility 
measurements, our tilt variation was sufficiently small that did not affect the resulting 
magnet susceptibility value.  Equation (9) illustrates the linear relationship between Δχ 
and (Δθ + Δφ). 
     ( )B θ ϕ∆ = ∆ + ∆χ            (9) 
where ∆χ = 1( ) ( )m m mT T−χ χ , B=
δ
δθ
χ  = δ
δϕ
χ , 1mθ θ θ∆ = − , and 1mϕ ϕ ϕ∆ = − .  
         
 The results for the magnetic susceptibility readings (χ), temperature fluctuations, 
and tilt fluctuations in Pitch and Roll axis are shown during 60 seconds for each batch in 
Figures 12-31 respectively. Originally, the measurements were taken for 5 minutes to 
check consistency of the device, although based on MSB manual the measurements 
should take less than 10 seconds. The reported data in this work is the first 60 seconds of 
the 5 minutes measurement for each sample. The average magnetic susceptibility for Ga-
In alloys with various In atomic % is summarized in Table 9.This table reveals the 
maximum fluctuation of 𝝌𝝌𝒗𝒗 among the trials for all batches which is ± 0.045× 10−6 
(cgs). This error is the maximum systematic drift which is calculated by subtracting the 
maximum 𝝌𝝌𝒗𝒗 of all the runs from the minimum 𝝌𝝌𝒗𝒗  of all runs. Figures 12, 13, 14, 15, 
and 16 illustrate the fluctuations in magnetic susceptibility measurements for each alloy 
during 60 seconds for all the runs. The variation during each specific run is much smaller 
than run to run variations. 
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 Table 9- Averaged magnetic susceptibility measurements for Ga-In alloys (cgs volume) 
Alloys (𝛘𝛘𝐚𝐚𝐚𝐚𝐚𝐚 ± ∆𝛘𝛘) × 𝟏𝟏𝟏𝟏−𝟔𝟔  
Ga-In, 5 % In −0.0602 ± 0.0450 
Ga-In, 10 % In −0.0953 ± 0.0250 
Ga-In, 12 % In −0.1062 ± 0.0180 
Ga-In, 13.4 % In −0.1165 ± 0.0140 
Ga-In, 16.5 % In −0.1256 ± 0.0170 
 
 
 
 
Figure 12- Magnetic susceptibility measurements for Ga-In 5% In over 60 (s) 
 
 
-0.0820
-0.0770
-0.0720
-0.0670
-0.0620
-0.0570
-0.0520
-0.0470
-0.0420
-0.0370
0 10 20 30 40 50 60 70
M
ag
ne
tic
 S
us
ce
pt
ib
ili
ty
 (χ
)*
E-
06
 
Time(s) 
X(Alloy Only)-M1
X(Alloy Only)-M2
X(Alloy Only)-M3
X(Alloy Only)-M4
25 
 
  
Figure 13- Magnetic susceptibility measurements for Ga-In 10% In over 60 (s) 
  
 
 
Figure 14- Magnetic susceptibility measurements for Ga-In 12% In over 60 (s) 
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Figure 15- Magnetic susceptibility measurements for Ga-In 13.4% In over 60 (s) 
 
 
Figure 16- Magnetic susceptibility measurements for Ga-In 16.5% In over 60 (s)  
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  The temperature variation in each measurement is summarized in Table 8 and 
shown in Figures 17, 18, 19, 20, and 21 with maximum error value of ± 0.007 °K. 
 
Figure 17- Temperature measurements for Ga-In, 5% In alloy over 60 (s) 
 
 
Figure 18- Temperature measurements for Ga-In, 10% In alloy over 60 (s) 
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Figure 19- Temperature measurements for Ga-In, 12% In alloy over 60 (s) 
 
 
 
Figure 20- Temperature measurements for Ga-In, 13.4% In alloy over 60 (s) 
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Figure 21- Temperature measurements for Ga-In, 16.5% In alloy over 60 (s) 
 
 The two-axis tilt sensor measurements Tilt-R and Tilt-P, shown in Figures 22-31, 
changed slightly among trials while there was no fluctuation in each measurement during 
the individual runs. The averaged measurements for Roll and Pitch axis tilts are 
summarized in Table 10 and Table 11 respectively. The MSB was initially calibrated for 
tilt with bidirectional device level. The values in Table 10 and Table 11 are initially of a 
leveled system and the variations was looked for from the reference state of θ1 =0.247 
(mrad) for tilt in Roll axis (tilt R) and φ1 = 0.222 (mrad) for tilt in Pitch axis (tilt P).  
Table 10- Tilt measurements of Roll axis for Ga-In alloys (mrad) 
Alloys Tilt R_M1 Tilt R_M2 Tilt R _M3 Tilt R _M4 
Ga-In 5% In 0.247 0.247 0.244 0.247 
Ga-In 10% In 0.247 0.247 0.244 0.247 
Ga-In 12% In 0.247 0.247 0.244 0.247 
Ga-In 13.4%In 0.247 0.247 0.244 0.247 
Ga-In16.5% In - 0.246 0.244 0.247 
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 Table 11- Tilt measurements of Pitch axis for Ga-In alloys (mrad) 
Alloys Tilt P _M1 Tilt P _M2 Tilt P _M3 Tilt P _M4 
Ga-In 5% In 0.225 0.225 0.222 0.219 
Ga-In 10% In 0.225 0.225 0.221 0.219 
Ga-In 12% In 0.226 0.225 0.222 0.219 
Ga-In 13.4%In 0.226 0.225 0.222 0.219 
Ga-In 16.5% In - 0.223 0.222 0.220 
 
 
Figure 22- Tilt measurements of Roll axis for Ga-In 5% In over 60 (s) 
 
 
 
Figure 23- Tilt measurements of Pitch axis for Ga-In 5% In over 60 (s) 
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Figure 24- Tilt measurements of Roll axis for Ga-In 10% In over 60 (s) 
 
 
Figure 25- Tilt measurements of Pitch axis for Ga-In 10% In over 60 (s) 
 
 
 
Figure 26- Tilt measurements of Roll axis for Ga-In 12% In over 60 (s) 
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Figure 27- Tilt measurements of Pitch axis for Ga-In 12% In over 60 (s) 
 
 
Figure 28- Tilt measurements of Roll axis for Ga-In 13.4% In over 60 (s) 
 
 
Figure 29- Tilt measurements of Pitch axis for Ga-In 13.4% In over 60 (s) 
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Figure 30- Tilt measurements of Roll axis for Ga-In 16.5% In over 60 (s) 
 
 
Figure 31- Tilt measurements of Pitch axis for Ga-In 16.5% In over 60 (s) 
 
Figure 32 illustrates the average magnetic susceptibility for all the Ga-In alloy batches 
with 5, 10, 12, 13.4, and 16.5 atomic percent Indium that is summarized in Table 9.  
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Figure 32- Average magnetic susceptibility Vs. Indium Concentration 
 
 
To test for non-Linear behavior of the value of χ with percent Indium, a 
polynomial form of 2 2 1 0y P x Px p= + +  was fitted. This fit is shown as a solid line in 
Figure 33. The fit parameters are 2P = 0.00029 ± 0.00031, 1P = −0.01227 ± 0.00467, and 
0p = −0.00261 ± 0.01292. The 2P parameter is consistent with zero within uncertainties 
and therefore demonstrates that our data does not exhibit significant non-linearity.  
35 
 
  
Figure 33- Magnetic susceptibility Vs. In Concentration with Polynomial fit 
 
 
Therefore the χ Vs. Indium concentration plot was refitted with a linear function 
of the form 1 0y C x C= + and we found 1C = −0.00796 ± 0.00111 (
𝑐𝑐𝑐𝑐𝑠𝑠
𝑐𝑐𝑐𝑐3
), 0C = −0.00580 ± 
0.01248 (𝑐𝑐𝑔𝑔𝑐𝑐) as shown by the solid line in Figure 34. It is notable that the y-intercept is 
consistent with zero within uncertainties.  
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Figure 34- Magnetic susceptibility Vs. In Concentration with Linear fit 
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 4.4 ─ Discussion 
This research project has proven the hypothesis of significant low magnetic 
susceptibility of Ga-In Alloys by studying various batches with different In percentage. 
In fact, Ga-In alloys have magnetic susceptibility that is 5 to 10 times smaller than the 
magnetic susceptibility (𝜒𝜒𝑣𝑣) of water −0.72× 10−6 cgs) and at the same time, has a larger 
number of fermions, neutrons and protons, per unit volume than water. It is therefore a 
much better material to use in future fifth-force measurements where fermion interactions 
are being studied.  
The water magnetic susceptibility measurement shows that the susceptibility 
balance absolute accuracy is within the 7% of the literature value of pure water. This 
error margin is due to limits of the sensitivity of the balance itself. We were able to 
achieve thermal (0.005 °K) and tilt (0.001 mrad) stability desired for the reproducible 
operation of the susceptibility measurement. Ideally, there should not be any fluctuation 
is temperature and tilt as the MSB is a mechanical torsion balance. While no variation is 
impossible, significantly small fluctuations were reached that have negligible effect on 
the considerably precise scale measurements. The magnetic susceptibility of the 
measured Ga-In alloy of 16.5 % In is (−0.13 ± 0.017) × 10−6 (cgs) volume susceptibility 
which is within the uncertainties of literature value 0.15 × 10−6 based on reference [19] 
(in this reference the error margin is not reported). We also examined the dependence of 
our measured χ with the atomic % of Indium and found a linear dependence following the 
model 1 0y C x C= + in Figure 34 with coefficients 1C = −0.00796 ± 0.00111 (
𝑐𝑐𝑐𝑐𝑠𝑠
𝑐𝑐𝑐𝑐3
),            
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 0C = −0.00580 ± 0.01248 (𝑐𝑐𝑔𝑔𝑐𝑐). In this thesis we have developed Ga- In alloys with 
much lower diamagnetism in comparison to water.  
Our future work will involve using Ga- In alloys to study the NMR frequency 
shift  as the mass is moved near and far from the polarized ensemble to study the 
improvements on the coupling constant which sets a direct limit on the important “axion 
window”. 
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